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Abstract

Model-Independent Measurement of the Neutral-Current Interaction Rate of Solar

8B Neutrinos with Deuterium in the Sudbury Neutrino Observatory
by Karsten Miklas Heeger

Chair of Supervisory Committee:

Professor R.G. Hamish Robertson
Physics

With heavy water as a target medium the Sudbury Neutrino Observatory (SNO) is de-
signed to study solar neutrinos by measuring both the total flux of ®B neutrinos through
the neutral-current interaction as well as the electron-type neutrino flux via charged-current
dissociation of deuterium. Using data from the pure DO phase of SNO we determine the in-
teraction rates of solar neutrinos with deuterium and characterize the backgrounds through-
out the SNO detector volume. Without assumptions about the shape of the underlying B
spectrum a model-independent measurement of the total flux of active solar ®B neutrinos
is made. In addition, we determine the contribution of hep neutrinos to the SNO data and
find evidence for low-energy elastic scattering events below 4 MeV. The measurement of
the neutral-current and charged-current interaction rates provides direct evidence for the
flavor transformation of solar neutrinos and indicates that neutrinos have mass. With the
observation of massive neutrinos at the Sudbury Neutrino Observatory the long-standing
solar neutrino problem is resolved.

In a future phase of the SNO experiment, the total flux of ®B neutrinos will be measured
by means of an array of ultra-clean 3He-filled proportional counters. The design, construc-
tion, and background studies characterizing the performance of this novel neutral-current

detection system are described.
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GLOSSARY

BIG BANG NUCLEOSYNTHESIS: Big Bang Nucleosynthesis (BBN) is the synthesis of the

light nuclei, deuterium, *He, “He and "Li during the first few minutes of the universe.

BIG BANG THEORY: The theory of an expanding universe that begins as an infinitely

dense and hot medium. The initial instant is called the Big Bang.

BLIND DATA SET: Data set that is not analyzed or studied before all methods used in

the data analysis have been finalized.

CHERENKOV LIGHT: Radiation which is emitted whenever charged particles pass through

matter with a velocity exceeding the velocity of light in the medium.

CONSERVATION: When a quantity (e.g. electric charge, energy, or momentum) is con-

served, it is the same after a reaction between particles as it was before.
CROSSTALK: PMT or electronics signal generated by a neighbouring channel.

ELECTROWEAK INTERACTION: In the Standard Model, electromagnetic and weak inter-
actions are related (unified); physicists use the term electroweak to encompass both

of them.

EVENT: An event occurs when two particles collide or interact, or a single particle decays.
Every neutrino interaction with deuterium is called an event. It may or may not be

observed through Cerenkov electrons or a 7 signnature.

EVENT BUILDER: Program that combines event headers with PMT bundles to form

events.
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EVENT HEADER: Data bundle from detector containing information about an event.

FIDUCIAL VOLUME: Reference volume in a particle detector. All event candidates are

detected in this volume.

GRAND UNIFIED THEORY: Theories that attempt to unify the strong, weak, and elec-

tromagnetic interactions.

INTERACTION: A process in which a particle decays or it responds to a force due to
the presence of another particle (as in a collision). Also used to mean the underlying

property of the theory that causes such effects.

LEPTON: A fundamental fermion that does not participate in strong interactions. The
electrically-charged leptons are the electron (e), the muon (i), the tau (7), and their

antiparticles. Electrically-neutral leptons are called neutrinos (v).

NEUTRINO: A lepton with no electric charge. Neutrinos participate only in weak and
gravitational interactions and are therefore difficult to detect. There are three known

types of neutrinos, all of which are very light.

ORPHANS: A PMT bundle that has not been correctly combined with an event header

results in events that are incorrectly assembled in the builder.

PARTICLE FLAVOR: The name used for the different quarks types (up, down, strange,
charm, bottom, top) and for the different lepton types (electron, muon, tau). For each
charged lepton flavor there is a corresponding neutrino flavor. In other words, flavor is
the quantum number that distinguishes the different quark/lepton types. Each flavor

of quark and charged lepton has a different mass.

PARTICLE GENERATION: A set of one of each charge type of quark and lepton, grouped

by mass. The first generation contains the up and down quarks, the electron and the

xxii



electron neutrino.

PMT WET-END: Base connector of photomultiplier immersed in the water of the Cerenkov

detector.

QUANTUM CHROMODYNAMICS: The quantum theory of the strong interaction.

QUANTUM ELECTRODYNAMICS: The quantum theory of the electromagnetic interac-

tion.

SEESAW MECHANISM: Mechanism that describes the mass hierarchy of neutrinos. It is
based on the assumption that the conservation of the total lepton number L is violated
by the right-handed Majorana mass term at the scale M that is much larger than the

scale of the electroweak symmetry breaking.

STANDARD MODEL: Theory of fundamental particles and their interactions. It is widely

tested and is accepted as correct by particle physicists.

STANDARD SOLAR MODEL: Standard model of solar physics (SSM), based on the as-

sumption of steady-state hydrogen burning in the Sun.

SUPERSYMMETRY: Class of Grand Unified Theories. Supersymmetric theories postu-

lates that every particle has a massive “shadow” particle partner.

VECTRAN: Vectran is a high-performance thermoplastic multifilament yarn spun from
Vectra’™ liquid crystal polymer (LCP). Vectran is the only commercially available
melt spun LCP fiber in the world. Vectran fiber exhibits exceptional strength and
rigidity. Pound for pound Vectran fiber is five times stronger than steel and ten times

stronger than aluminum.
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WEAK INTERACTION: The interaction responsible for all processes in which flavor changes,
hence for the instability of heavy quarks and leptons, and particles that contain them.

Weak interactions that do not change flavor (or charge) have also been observed.

Z BOSON: A carrier particle of the weak interactions. It is involved in all weak processes
that do not change flavor and mediates the neutral-current interaction of neutrinos

with deuterium.
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ACRONYMS

ADC: Analogue to Digital Converter

ALEPH: Detector System at Large Electron Positron Collider (LEP).

AV:  Acrylic Vessel of the SNO Detector

BUTT: Berkeley Underwater Test Tube

cC: Charged-Current

C.L.: Confidence Level

CERN: European Organization for Nuclear Research

CKM: Cabibbo-Kobayashi-Maskawa Weak Mixing Matrix

CHIME: Construction Hardware In-Situ Monitoring Experiment of the SNO NCD Project

CHOOZ: Reactor Neutrino Experiment in Chooz, France

CNO: Carbon-Nitrogen-Oxygen Nuclear Fusion Cycle

COSMO: Computer Program to Estimate Spallation Radioactivity

CVD: Chemical Vapor Deposition

DAMN: Data Analysis Mask Number (Used in SNO Data Reduction)

DAQ: Data Acquisition
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DCR: Deck Clean Room

D/I:  De-Ionized

DONUT: Direct Observation of the Nu Tau Experiment at Fermilab

DQXX: Detector Status

EC: Endcap of 3He-filled Neutral Current Detector

EGS: Electron-Gamma Shower Particle Transport Code

ES:  Electron Scattering

ESUM: Energy Sum (Total Integrated Charged in an Event)

FREJUS: Nucleon Decay Experiment in Fréjus, France

FTG: Event Reconstruction Algorithm (Based on the SNOMAN Grid Fitter)

GALLEX: Gallium Solar Neutrino Experiment at Gran Sasso, Italy

GEANT: Geometry and Tracking Monte-Carlo System

GNO: Gallium Neutrino Observatory

GPS: Global Positioning System

GTID: Global Trigger Identification

GUT: Grand Unified Theory

HCA: History Calibration of PMT Signals
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CHAPTER 1

SUMMARY AND OUTLINE

Solving the Solar Neutrino Problem at SNO:

Evidence for Massive Neutrinos and Neutrino Flavor Transformation

1.1 Neutrino Mass and Oscillations

For more than 30 years, experiments have detected neutrinos produced in the thermonuclear
fusion reactions which power the Sun. These reactions fuse protons into helium and release
neutrinos with an energy of up to 15 MeV. Data from these solar neutrino experiments
were found to be incompatible with the predictions of solar models. More precisely, the flux
of neutrinos detected on Earth was less than expected, and the relative intensities of the
sources of neutrinos in the sun was incompatible with those predicted by solar models. By
the mid-1990s the data were beginning to suggest that one could not even in principle adjust
solar models sufficiently to account for the effects. Novel properties of neutrinos seemed to
be called for. With the recent measurements of the Sudbury Neutrino Observatory (SNO),
it has finally become possible to test the solar model predictions and the particle properties
of neutrinos independently.

Solar models that simulate the interior of the Sun and explain stellar evolution have been
developed using experimental and theoretical inputs from nuclear physics, astrophysics, and
particle physics. These models are based on the assumption of light element fusion in the
Sun. As more and more astrophysical data have become available, solar models were tested
through a variety of observables and found to be successful in many respects.

A variety of hypotheses that require new particle physics have been postulated to explain

the discrepancy between the solar model expectations and the apparent deficit of solar



neutrinos detected on Earth. In the Standard Model, neutrinos belong to the family of
leptons. Neutrinos were believed to be massless particles with three distinct flavors (electron,
muon, and tau) depending on the weak interaction process that created them. One flavor
could not transform into another. All three types of neutrinos have been directly detected
experimentally, the tau neutrino only two years ago. In the light element fusion processes

in the Sun, only electron type neutrinos are created.

As early as 1969, Bruno Pontecorvo proposed that neutrinos might oscillate between the
electron and muon flavor states (the only ones known then). Like the mixing phenomenon,
neutrino oscillations are a quantum effect. Oscillations can occur if the physical neutrinos
are actually particles with different masses but not unique flavors. Neutrino mass and flavor
mixing are not features of the Standard Model of particle physics. In quantum mechanics,
an initially pure flavor (e.g. electron) can change as neutrinos propagate because the mass
components that made up that pure flavor get out of phase. The probability for neutrino
oscillations to occur may even be enhanced in the Sun in an energy-dependent and resonant
manner as neutrinos emerge from the dense core of the Sun. This effect of matter-enhanced
neutrino oscillations was suggested by Mikheyev, Smirnov, and Wolfenstein (MSW) and is

one of the most promising explanations of the solar neutrino problem.

The measurements at the Sudbury Neutrino Observatory (SNO) show that the neutrino
flux produced in the 8B — ®Be* + et 4 1, beta-decay reaction in the Sun contains a
significant non-electron type component when measured on Earth. This measurement is
the first direct evidence for the flavor transformation of solar neutrinos. Neutrino flavor
conversion indicates that neutrinos have mass. Together with the oscillation signature in
atmospheric neutrino studies, these results are strong evidence for mixing in the lepton
sector and new physics beyond the Standard Model. It is also interesting that most theories
that attempt to unify the description of all forces between elementary particles already
permit non-zero neutrino masses. As for the cosmological implications, the measurements
of SNO, combined with the results from other experiments, set upper and lower limits on
the total mass of neutrinos in the Universe. Neutrinos account for as much matter as stars

but they cannot explain the mystery of dark matter in the Universe.



1.2 Detecting Solar Neutrinos at the Sudbury Neutrino Observatory

Located 2 km underground in an active nickel mine in Sudbury, Ontario, the Sudbury
Neutrino Observatory is a water Cerenkov detector specifically designed to measure the
flux of solar ®B neutrinos and to determine the shape of the solar neutrino spectrum. SNO
consists of a spherical acrylic tank filled with 1000 tonnes of heavy water and surrounded
by 7000 tonnes of light water to shield it from backgrounds. The choice of D5O as a target
material makes the SNO detector unique in comparison with other solar neutrino detectors.
It allows SNO to measure both the total flux of solar neutrinos as well as the electron-type
component of the ®B neutrino flux produced in the Sun.

Solar neutrinos from the decay of ®B are detected via the charged-current reaction on
deuterium (v, +d — p+p+e~) and by elastic scattering off electrons (v, +e~ — v, +¢€7).
Some 9,500 photomultiplier tubes (PMT’s) are used to record the Cerenkov signature of
these neutrino interactions. The charged-current reaction is sensitive exclusively to v, while
the elastic-scattering reaction also has a small sensitivity to v, and v,. Neutrinos also
interact through the neutral-current reaction (v, +d — p+n+ v,). The neutron produced
in the neutral-current (NC) interaction thermalizes in the heavy water and captures on
deuterium, emitting a characteristic 6.25-MeV . All three interactions have been measured

in SNO.

1.3 Measurement of the Neutrino Interaction Rates of ®B Neutrinos

SNO has been online since November 1999 taking production data, calibration data, and
background measurements. The results reported in this work are based on data taken
between November 1, 1999 and January 15, 2001 and correspond to a live time of 241 days.
Events are defined by a multiplicity trigger counting the number of hit PMT’s above channel
threshold. For every event trigger, the time and charge response of each participating PMT
are recorded. Electronic pulsers and pulsed light sources are used for the calibration of the
PMT timing and charge response. Optical calibration of the detector response is obtained
using a diffuse source of pulsed laser light. The absolute energy scale and uncertainties

are established with a tagged '°N source (predominantly 6.13-MeV ) deployed in the DoO



and HyO. The detector response is tested using neutrons from 2°2Cf, the electron spectrum
from 8Li, and a 19.8-MeV ~ calibration source. The energy of each neutrino event is
determined based on the total number of triggered PMT’s (which corresponds to the total
light generated by the Cerenkov electron).

Instrumental backgrounds are eliminated from the raw data based on the timing and
charge of hit PMT’s in comparison with Cerenkov light. In addition, a set of high level cuts
is applied to test the hypothesis that each neutrino event has the characteristics of single
electron Cerenkov light.

Backgrounds from radioactivity in the DoO and HoO are measured by regular low-level
radioassays of U and Th decay chain products and from a lower-threshold neutrino signal
analysis. High-energy gamma rays from the cavity are attenuated by the HoO shield. In this
analysis the neutrino interactions as well as backgrounds are studied throughout the entire
detector volume. Using the characteristic radial and solar angle distributions as well as the
energy spectrum of 7’s from neutron capture events on deuterium, the neutrino candidate
event set is resolved into contributions from charged-current interactions, elastic scattering,

and neutron events.

1.4 Results from the Pure D>;O Phase

In common with all previous solar neutrino experiments, SNO observes a reduced flux of v,
from the Sun. The fraction of the SNO charged-current ®B flux of the Standard Solar Model
(SSM) predictions is 0.342 4 0.024 (stat.) T 035 (syst.) for a SSM prediction of 5.05 x 10°
cm ™2 s71. The elastic scattering flux measured by SNO is consistent with the high-precision
measurement performed at Super-Kamiokande, a light water Cerenkov detector located in
Kamioka, Japan. The total flux of active ®B neutrinos is the sum of the electron and non-

+0.60

electron flavors and is measured to be 6.3541.35 (stat.) T95g (syst.) x 10% cm™2

s~ without
assuming the standard shape of the 8B spectrum.

A comparison of the charged-current and neutral-current interaction rates is used to test
the hypothesis of neutrino flavor transformation. The charged-current reaction on deuterium

is sensitive exclusively to v, while the neutral-current interaction rate is equally sensitive to



v, and v, , as well as v, . Under the assumption of no spectral distortions in the 8B charged-
current spectrum the difference between the CC and NC interaction rates is measured to be
4.8 0. This is clear evidence for the non-electron flavor component of the solar neutrino flux.
Without the constraint on the CC spectrum we make a model-independent determination
of the ®B flux. In this case, the difference between the solar v, and v, flux derived from
the charged-current and neutral-current interaction rates is more than 3.1 ¢. The measured
total flux of solar ®B neutrinos is in good agreement with solar model predictions. About
2/3 of the active solar neutrino flux consists of flavors other than v, . We note that the total
8B neutrino flux deduced in June 2001 from SNO’s measurement of the charged-current
interaction and Super-Kamiokande’s measurement of the elastic scattering of ®B neutrinos
is in excellent agreement with the neutral-current measurement obtained in this work. At
present there is no evidence for a deviation of the ®B CC spectral shape from the predicted
shape but statistics of the measured CC energy spectrum in SNO are limited.

The difference between the elastic scattering and neutral-current interaction rate (nor-
malized to the standard solar model predictions) disfavors the oscillations of v, to sterile
neutrinos, which would lead to a reduced flux of electron neutrinos but equal charged-current
and elastic scattering rates. Sterile neutrinos might be, for example, right-handed neutrinos
or left-handed antineutrinos which do not interact through Standard Model interactions.
On the other hand, the different interaction rates are consistent with oscillation of v, into
active v, and v,. SNO’s result is consistent with both the hypothesis that electron neu-
trinos from the Sun oscillate into other active flavors, and with the standard solar model

prediction for the total number of neutrinos released in the solar fusion reactions.

1.5 Search for Solar hep Neutrinos

Neutrinos from the beta-decay of ®B dominate the solar neutrino spectrum between 5-
15 MeV. The shape of the neutrino energy spectrum from a single beta-decaying source is
well known and independent of solar physics to an accuracy of 1 part in 105, A measurement
of the shape of the solar neutrino energy spectrum is a direct test of the minimal electroweak

model and can be used to constrain models of neutrino flavor transformation.



Near the 8B endpoint the solar neutrino spectrum is very sensitive to any underlying
background, including neutrinos with energies above 15 MeV from other sources than ®B
decay. In a rare branch of the pp-chain in the Sun, 3He and proton fuse forming the reaction
3He + p — “He + et + v,. This hep process produces high energy solar neutrinos with an

energy of up to 18.77 MeV.

In the past, the measurements of the energy distribution of recoil electrons created by
8B and hep neutrinos scattering off electrons in the Super-Kamiokande detector raised
significant experimental and theoretical interest in the observation and calculation of the
hep neutrino flux. One possible interpretation of the Super—Kamiokande measurement
suggested a flux of hep neutrinos > 20 times larger than the best theoretical estimate at
the time. Standard Solar Model (SSM) calculations for the flux of hep neutrinos predict a
flux of 9.3 x 103 cm™2 s™! compared to 5.05 x 10'® cm™2 s™! for the much more abundant
8B neutrinos. The SSM predictions of the hep flux are based on low-energy cross-section
calculations with an S-factor of S¥M (hep) = (2.341.3) x 1072 keV-b. The rate of the hep
reaction is so small that it does not affect solar modeling and other solar model predictions.
The reliable estimation of the hep cross-section has been a long-standing challenge in nuclear
physics. A measurement of the flux of hep neutrinos at the Sudbury Neutrino Observatory
is of interest to astrophysics and nuclear physics alike. It is also an important part of a

detailed shape analysis of the solar neutrino energy spectrum measured at SNO.

In the first phase of the experiment, SNO has measured the interaction rates of solar
8B and hep neutrinos with pure D,O. The total ®B flux was found to be in good agreement
with Standard Solar Model predictions. Low backgrounds and the efficient discrimination
of instrumental effects have also allowed SNO to measure the energy spectrum of solar
neutrinos and to perform a rare event study in the energy region between 15-30 MeV. Using
analysis techniques similar to the ones developed for the measurement of the interaction
rates of 8B neutrinos with deuterium the flux of hep neutrinos in the Sudbury Neutrino

Observatory has been determined to be less than 1.7 x 10* cm™2 s™! at the 95% C.L..



1.6 Implications of the SNO Result

Phenomenological studies have analyzed the SNO result in terms of 2, 3, and even 4-flavor
neutrino oscillation scenarios and determined the favored oscillation parameters, i.e. the
most likely values for the mixing angle and the splitting of the neutrino mass eigenstates.
A 2-flavor analysis finds that only the solutions with large mixing angles survive, with a
preference for the one with the larger mass splitting. This is the so-called large mixing an-
gle (LMA) solution. Global analyses with 3 and more neutrino species find that additional
active and sterile neutrino oscillations solutions are currently allowed at ~ 3 o. Interest-
ingly, all favored solutions involve large, but not necessarily maximal, mixing angles. In
summary, the recent SNO results disfavor complete conversion of electron neutrinos into

sterile neutrinos and appear to favor large mixing angles between active neutrino flavors.

Even without knowing the exact oscillation parameters this result already has theoretical
implications for neutrino masses and high energy theories. Theoretical frameworks which
invoke large extra dimensions with right-handed neutrinos in the bulk to explain the small
neutrino masses tend to resemble neutrino oscillations into sterile neutrinos and also involve
small-mixing angles. In contrast, some see-saw type mechanisms readily yield solutions
with large mixing angles. A see-saw solution would imply a large mass scale in physics
associated with right-handed neutrinos. This large mass scale may be the scale at which the
forces (except gravity) are unified, and hence may affect our predictions for supersymmetry

(SUSY).

The data from SNO have provided clear evidence for neutrino flavor conversion, and
hence for new physics beyond the Standard Model. It is very likely that the conversion
mechanism is neutrino oscillations, although other non-Standard-Model processes have also
been suggested. Recent analyses have shown that small mixing angles are disfavored in
solar neutrino oscillations. At present, it is not clear whether the oscillation occurs only
between active neutrino species or with an admixture of a sterile component. Pure v, — v,

oscillations, however, are ruled out by the current data.



1.7 Future Studies with SNO

At the beginning of June 2001, SNO started the second phase of its scientific operation.
Using NaCl as an additive to the heavy water enhances the capture efficiency of neutrons
produced in the neutral-current dissociation of deuterium. This enables SNO to make a
precision measurement of the neutral-current interaction rate of 8B neutrinos to confirm
the first result from the pure DoO phase. In a future phase of the SNO experiment, the
total flux of ®B neutrinos will be measured independently by means of an array of ultra-
clean 3He-filled proportional counters. This detection system will provide event-by-event
identification of neutral-current interactions in real-time, sensitivity to supernova bursts,
improved sensitivity to Day-Night variations in the solar neutrino flux and to spectral
distortions in the energy spectrum of ®B neutrinos. The array of *He-filled proportional
counters will also feature completely different systematics than the previous phases of the
SNO experiment.

The Sudbury Neutrino Observatory is a collaboration of about 100 scientists from 11

universities and laboratories in Canada, the US, and the UK.



1.8 Thesis Outline

In this thesis we present a complete analysis for the measurement of the interaction rates
of solar 8B and hep neutrinos with deuterium in the Sudbury Neutrino Observatory. The
appendices to this work describe the design, construction, and background studies for a
3He-filled Neutral Current Detector system which will be used in a future phase of SNO.
Every chapter of this thesis is self-contained and can be read independently. Chapters 1
and 2 introduce the field of neutrino physics and motivate the search for physics beyond
the Standard Model in solar neutrino experiments. The main results of this thesis analysis
are contained in Chapter 9 and 11. Chapter 11 summarizes our conclusions and discusses
the significance of this measurement for our understanding of neutrinos in particle physics,
astrophysics, and cosmology. A short description of the content of each chapter is given at
the end of this section.

A number of different analyses of the data from the DO phase have been performed
by members of the SNO collaboration. These analyses have been performed independently
using different analysis components and techniques in an effort to provide confirmation and
verification of the final results. The efforts are documented in a number of Ph.D. theses
[15, 150, 142] and internal analysis reports. The final results of this collaboration-wide
analysis effort have been published [70, 106, 107]. A detailed description of the SNO data
analysis of the data taken in the pure DyO phase is forthcoming [108].

While the analyses mentioned above differ in many details some inputs and tools are
common to all of them. All analyses make use of the same Monte-Carlo simulation code
and share the calibration data. The high-level event-quality cuts are similar in all analyses.
However, the treatment of radioactive backgrounds, however, is handled quite differently.
Furthermore, the reconstruction of events, the choice of fiducial volume, the event energy
estimation and the techniques used for the extraction of neutrino signals are developed and

chosen independently.
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To the existing body of SNO analyses we add the following;:

o Model-Independent Measurement of 8B Flux: The analysis techniques presented in
this work allow one to determine the flux of solar 8B without any assumptions on the shape
of the ®B spectrum. This approach provides a unique way of measuring the total active
solar neutrino flux in the presence of neutrino oscillations and possible distortions in the
shape of the charged-current spectrum. A model-independent measurement of the B flux is
used in our search for new neutrino properties. It also provides a direct test of solar model
predictions.

e Model-Independent Determination of Charged-Current Electron Spectrum: The anal-
ysis approached developed for the model-independent signal decomposition allows one to
determine the charged-current spectrum without assumptions or constraints on the shape
of the 8B spectrum. This allows us to measure the true CC spectrum in the presence of
neutrino oscillations or spectral shape distortions.

e Search for Solar hep Neutrinos: The techniques developed in this thesis for the extrac-
tion and decomposition of the neutrino signals can be applied to the determination of the
flux of solar hep neutrinos. A new upper limit on the flux of solar hep neutrinos is obtained.

e Simultaneous Determination of Neutrino Signals and Backgrounds: A combined fit to
the neutrino signals and backgrounds is used to resolve the data set into its individual com-
ponents and to determine the contributions from the charged-current and neutral-current
interaction of neutrinos, as well as the elastic scattering. This approach allows one to study
the data set for different fiducial volumes and investigate the correlation between detector
distributions of signals and backgrounds.

e Analysis in Variable Fiducial Volumes: The simultaneous fit to signals and back-
grounds is critical for the characterization of the neutrino signals and background distribu-
tions throughout the entire detector volume including both the D2O and H5O.

o Calibration-Source Independent Analysis of 8B Spectrum: An analysis of the SNO
charged-current [-spectrum without use of calibration data is used as an independent veri-
fication of the solar v, flux measurement. This approach also has the potential to reduce the

uncertainty in the energy scale of the detector response which is the dominant systematic
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error in the SNO charged-current flux measurement.

e Total Light Energy Estimator: An event energy estimator based on the total light
observed for each event is used as a measure of the neutrino energy. The use of total light
maximizes the energy resolution of the data. Techniques are developed to calculate the
most likely event energy from the number of photomultiplier hits in an event.

e Sensitivity to Optical Response Parameters: The optical response parameters chosen in
this analysis are a parameterization of a full 3-dimensional PMT simulation code available
to the SNO collaboration. Agreement between this work and other analyses demonstrates
our understanding of the optical properties of this complex detector.

e Reconstruction Independent of Event Class: The algorithm used for the reconstruction
of the reduced data set is independent of the particle nature of the events. This allows one
to reconstruct single-particle events, such as Cerenkov electrons, in the same way as multi-
particle backgrounds. This is an important feature as neutrino signals are extracted by a
combined fit to the neutrino and background components of the data set. Furthermore,
it allows one to simultaneously reconstruct both solar hep and low-energy atmospheric
neutrinos near the high-energy end of the ®B spectrum without having to perform an event
identification first.

e Development and Verification of Data Reduction Techniques: In the SNO solar neu-
trino analysis the raw data is first reduced to a neutrino candidate event set. This work
describes some of the verification of the standard data reduction cuts and the contributions
towards the development of an independent data reduction scheme.

e Overview of the SNO Neutral Current Detector Project: The construction of the >He-
filled Neutral Current Detectors has been completed and commissioning efforts are under-
way. We give an overview of the design, construction, and background studies for the
3He-filled proportional counters of this novel neutral-current detection system.

e First Deployment of Neutral-Current Detectors into SNO: As part of our background
studies for the Neutral Current Detector array a background test source consisting of 7
Neutral Current Detectors was deployed into the central heavy water volume in SNO. This

first in-situ background test verified the cleanliness of the NCD array after construction.
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The contents of each chapter and the appendices of this thesis are outlined below:

Chapter 1 contains an executive summary of the solar neutrino measurements from the DO
phase at SNO.

Chapter 2 gives an overview of the theoretical and experimental aspects of neutrino physics
and describes the search for signatures of new physics in solar neutrino experiments. The
key measurements for the study of solar neutrinos at the Sudbury Neutrino Observatory
are described.

Chapter 3 gives a brief description of the SNO detector and outlines the analysis procedure
used in our study of the SNO solar neutrino data. The reduction of the raw data set and
the removal of instrumental backgrounds is discussed.

Chapter 4 describes and characterizes the algorithms used to reconstruct the vertex and
direction of the original neutrino interaction from the PMT hit pattern produced by the
characteristic Cerenkov electron or the + signature of events.

Chapter 5 develops and characterizes the high-level event-quality cuts that are applied to
the reduced data set to obtain the final event set of solar neutrino candidates.

Chapter 6 describes the energy response of the SNO detector during the period of data
taking and studies temporal variations in the energy scale. A transformation function
mapping the raw number of PMT hits to an effective event energy is developed.

Chapter 7 describes the generation of probability distribution functions for the neutrino
signals and backgrounds in the SNO detector. The Monte-Carlo simulation of events in the
SNO detector is discussed.

Chapter 8 describes the characteristic event distributions of the neutrino candidate event
set and their use in the determination of the neutrino interaction rates. First estimates of
the charged-current and elastic scattering interaction rate are obtained from the radial and
solar angle distribution of events. In addition, evidence for low-energy elastic scattering
events with energies below 4 MeV is presented.

Chapter 9 describes our measurement of the interaction rates of solar 8B neutrinos with
deuterium in SNO and presents the main results of this thesis. A technique for the model-

independent spectral decomposition of the data into their neutrino signal and background
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components is presented. This allows us to determine the neutrino interaction rates free
of assumptions about the shape of the underlying ®B spectrum. The total flux of active
solar 8B neutrinos is measured. The comparison of the charged-current and neutral-current
interaction rate yields evidence for the flavor transformation of solar neutrinos.

Chapter 10 describes SNO’s search for high-energy solar hep neutrinos from the rare 3He +
p — “He + et + v, process The contribution of hep neutrinos to the solar neutrino energy
spectrum measured in SNO is determined.

Chapter 11 summarizes the evidence for the flavor transformation of massive neutrinos from
the solar neutrino measurements at SNO and discusses the implications for particle physics,

astrophysics, and cosmology.

In a future phase of the SNO experiment, the total flux of 8B neutrinos will be measured
by means of an array of ultra-clean 3He-filled proportional counters. The design, construc-
tion, and background studies characterizing the performance of this novel neutral-current

detection system are described in the appendices to this thesis.

Appendices A-D give an overview of the design characteristics, the background considera-

tions, and the construction of SNO’s 3He-filled Neutral Current Detector (NCD) array.

Appendices E-F describes the design of a NCD background test source and background

studies in preparation for the installation of the Neutral Current Detector array in SNO.
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CHAPTER 2

SEARCH FOR SIGNATURES OF NEW PHYSICS IN SOLAR NEU-
TRINO EXPERIMENTS

Over the past fifty years research in particle physics has led to the Glashow-Weinberg-
Salam theory of electroweak interactions, which, combined with the Quantum Chromo-
Dynamics, is now called the Standard Model of elementary particle physics. The Standard
Model is a theory of weak, electromagnetic, and strong interactions. Gravity is not included

in the current Standard Model.

While the Standard Model predicted successfully the existence of charmed particles,
b and t quarks, weak neutral currents, the existence of the vector W* and Z° bosons
and their masses, it is generally accepted that the Standard Model is not a complete and
final theory of particle physics. Not only does the Standard Model not predict over 20
fundamental constants such as quark masses, coupling constants, and mixing angles, it also
does not explain why there exist only three generations of quarks and leptons. Nevertheless,
predictions of the Standard Model have been confirmed by numerous experiments in the
past and the theory behind the Standard Model describes almost all experimental data at
present.

Efforts in experimental and theoretical particle physics are directed towards the search
for a theory of elementary particles that could generalize the Standard Model and would
solve some of its conceptual problems. Grand Unified Theories (GUT), models based on
supersymmetry (SUSY), and superstring models predict the mass scale of the particles
involved in a natural way and fit the low-energy data remarkably well. SUSY GUTs may
provide a framework to reduce the number of free Standard Model parameters and explain

some or all of the observations that seem to violate the Standard Model.

Several experiments have recently given indications of possible violations of the Stan-

dard Model and provided first signs of new physics beyond the Standard Model. At present
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the strongest indications come from experiments studying the neutrino sector of the Stan-
dard Model. The zenith angle dependence of the atmospheric neutrino flux measured in
the Super-Kamiokande experiment, the deficit in the observed flux of solar neutrinos, and
NuTeV’s measurement of the electroweak parameter sin?fy in neutrino-nucleon scattering
show clear discrepancies between the Standard Model predictions and experimental obser-
vation. The evidence of neutrino oscillations as reported by the LSND beamstop neutrino
oscillation experiment may be the first direct evidence for neutrino oscillations. The LSND
results, however, need independent confirmation from other experiments and are partly in
contradiction with results reported by the KARMEN experiment. A definitive answer will
have to await new experiments.

Most of these observations can be explained by the oscillation of massive neutrinos.
Besides the hypothesis of neutrino oscillations, any explanation involving neutrino flavor
conversion requires physics beyond the Standard Model. While solar neutrino experiments
were originally designed to test solar model predictions and measure the flux of neutrinos
from the Sun, modern experiments have the potential and accuracy to study the unique
particle properties of neutrinos. The observation of neutrino oscillations and measurement
of their masses could potentially open a window to physic at very large energy scales and

provide signs of new physics beyond the Standard Model.

2.1 Neutrinos Within the Standard Model

2.1.1 Discovery of the Neutrino

In 1930 Pauli postulated the neutrino as “a desperate remedy” to the energy crisis of that
time - the continuous energy spectrum of electrons emitted in nuclear S-decay. Postulating
the neutrino Pauli could account for the continuous spectrum by assuming that in nuclear
[-decay a neutron is emitted together with the electron in such a way that the sum of the
energies of neutron and electron is constant. Sensitive measurements of the energy and
momentum of (-decay electrons and of their recoiling nuclei in cloud chambers indicated
that substantial quantities of energy and momentum were missing. These single-process

experiment left little doubt that a third particle had to be involved. As early as 1932
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Enrico Fermi provided a theoretical framework for 3-decay which included the neutrino and
was inspired by the structure of electromagnetic interactions. However, it took almost two
decades before the neutrino was detected experimentally.

In 1956 Frederick Reines and Clyde Cowan performed the first direct detection of neu-
trinos utilizing the flux of 7, from the Savannah river nuclear reactor. In this experiment
tanks of organic scintillator were used in combination with a HoO + CdCl; target. Electron
antineutrinos were detected through the reaction 7, +n — e + n. The signature of a 7,
interaction was the coincidence signal of two 0.51 MeV +’s and a ~ burst 10 us later from
positron annihilation and neutron capture on Cd respectively.

By the end of the fifties, measurements of positron, electron, and neutron polarization
in G-decays and muon decay seemed to indicate both of these reactions proceeded through

a combination of vector and axial-vector couplings, an indication that these interactions

R(p—etr)

might be the same. The experimental limit on the branching ratio of RlpmetvtD)

was
found to be smaller than the predictions from the universality of Fermi interactions. Now if
the neutrinos associated with muons are different from neutrinos associated with electrons,
then the branching ratio will be proportional to |V, + Vyu ¢|?, where Vag are lepton family
mixing coefficients. The muon neutrino was finally detected by Schwartz, Lederman, and
Steinberger in 1961. Using a proton beam at Brookhaven Laboratory pions and kaons were
produced in a beamstop experiment. Neutrinos from pion and kaon decays had energies
ranging from hundreds of MeV to several GeV. Their interaction was detected in a 10 ton
spark chamber built from aluminum plates. If the neutrinos produced in reactions such as
m — p—+v are distinct from those produced in 5-decays they expected to see only the tracks
of muons generated by neutrinos that interacted in the aluminum. Otherwise, there should
have been as many e-type as pu-type events.

While there was little doubt about its existence the tau neutrino was the last active
neutrino to be discovered. A wealth of indirect evidence points to the existence of v, . Most
of it comes from data suggesting the tau has a neutral, spin 1/2, weak isospin partner.
If the tau neutrino were the muon or electron neutrino, then 50% of the muon (electron)
neutrino-induced charged-current reactions would produce a tau. The current experimental

limit on this process is ['(7~ — "7, ) = 4.18 x 10710 MeV [53] which clearly demonstrates
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that v; is not v, or v, assuming Standard Model weak interactions. By measuring the
spin alignment of the p in 7= — p~ v, decays it has been demonstrated that the v, spin is
1/2 [56]. While there have been attempts to confirm the V-A structure of the 7 — v, vertex
the present experimental limits still leave room for non-standard couplings. Confirmation
of the V-A nature of the interaction would be an indication for the existence of v, based
on the similarity of the 7 — v, vertex to e — v, and pu — v, . Measurement of eTe™ collisions
at LEP indicate that the tau has a weak isospin -1/2 and that the 7, u, and e couplings
to the weak neutral current are identical to within 1%. This strongly suggests lepton
universality. The experimental challenge in detecting the tau neutrino comes from the
difficulty of making an intense v, beam and from unambiguous identification of v, in 7
decays. In 2000 the existence of v, was confirmed by the Fermilab DONUT experiment
[82]. This experiment utilizes emulsion techniques to image and reconstruct the decay of
7 leptons. They observe v, -induced charged-current interactions through the identification

of the produced tau lepton.

2.1.2 Properties of Massless Neutrinos

In the Standard Model, fermions are matter constituents with half-integer spin. They are
grouped into two classes. Leptons and quarks are regarded as elementary, point-like entities
which come in pairs. Quarks and leptons can be grouped into three different generations.
A generation is a set of one of each charge type of quark and lepton, grouped by mass. The

first generation contains the up and down quarks, the electron and the electron neutrino.

Quarks Leptons
U & t Ve vy Vs
: , (2.1)
d S b e n T

The Standard Model unifies the electromagnetic and weak interaction in the electroweak
interaction. In the Standard Model the three left handed neutrinos are represented by two-
component spinors v;, with i=e,u,7, each describing a left-handed fermion. They are lower

components of weak isodoublets L;, they have Isyy=1/2, and an unit of the global i** lepton
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number. Right-handed singlets have electric charge and are active under U(1). Standard
Model neutrinos are the weak isospin partners of the charged leptons: the electron neutrino
forms a weak isospin doublet with the electron, the muon neutrino with the muon, and the
tau neutrino with the tau. These standard model neutrinos are strictly massless.

Apart from the mass aspect, neutrinos are very well behaved particles within the frame-
work of the Standard Model and some of their properties have been confirmed with great
accuracy in collider experiments. The number of light neutrino types, N,,, has been deduced
from the studies of Z production in e*e™ collisions. From a precise determination of the
mass and total width of the Z boson, combined with the hadronic pole cross-section and
the ratios of the hadronic and leptonic partial decay widths of the Z, the number of light
neutrinos (m, < 45 GeV) with standard coupling to the Z can be derived. Assuming that
the invisible partial decay width of a Z is due to light neutrino species with partial width

I", the total number of active, light neutrino species is:

Finv I‘l
N, = — | =2.994 £0.012 2.2
= (r) 994 + 0.0 (2.2)

The LEP lineshape measurement of Z bosons at CERN implies that the number of active
neutrino flavors is equal to three. The error in N, accounts for the measurement errors as
well as uncertainties in the top mass (m; = 175 + 6 GeV) and the Higgs mass (60 GeV
<mpg < 1000 GeV).

All the existing data on weak interaction processes in which neutrinos take part are

perfectly described by the Standard Model charged-current and neutral-current Lagrangian.

B = (@pra(l = s)) (2.3)

)

G = Y @rralgvi — gans)vi) (2.4)

(2
The CC and NC interaction Lagrangians conserve the three lepton numbers L. ,, » while
CC interactions determine the notion of flavor neutrinos v, , r. There are no indications in

favor of violation of lepton numbers in weak processes. From the existing experiments very
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strong bounds on branching ratios of rare, lepton-number-violating processes are obtained

53] 1.

2.1.8 Darect Neutrino Mass Limits

Over the past decades there has been steady progress in probing neutrino masses through
direct measurements of decay kinematics. Direct kinematical measurements of neutrino
masses give values consistent with zero. Techniques for measuring the mass of the electron
(anti)neutrino involve the search for a distortion in the shape of the (-spectrum in the
endpoint region. Tritium decay is commonly used for this measurement because of its low
endpoint energy and simple nuclear and atomic structure. Tritium [-decay experiments
use electromagnetic or magnetic spectrometers to analyze the momentum of the electrons
and to infer the endpoint energy of the spectrum. The direct limits on both the muon
and the tau neutrino masses are based on kinematic measurements using semileptonic,
weak particle decays. The observables in these measurements are either invariant mass or
the decay particle momentum. As these measurements rely on knowing the particle mass
and momentum the sensitivity of these measurements to neutrino mass is limited. Limits
obtained from cosmology and nucleosynthesis, as well as from supernovae SN1987A, set
limits far lower then those placed by direct mass measurements. The direct experimental
limits on neutrino mass as reported by the Particle Data Group in 2000 [53] are summarized
in Table 2.1. The neutrino mass limits and the masses of other fermions are compared in
Figure 2.1.

Since stable neutrinos with masses as large as the limits from direct kinematic mea-
surements would certainly overclose the Universe (i.e. contribute such a large cosmological
density that the Universe could have never attained its present age.), cosmology implies a
much lower upper limit on these neutrino masses. Considering the freezeout of neutrinos in
the early Universe it can be shown [10] that the mass density and the sum of the neutrino

masses are related.

'In principle, nothing in the Standard Model forbids the kind of flavor mixing for neutrinos that you get
for quarks. Only massive neutrinos are ruled out but the Standard Model.
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Table 2.1: Experimental limits on neutrino masses from direct mass measurements.

Neutrino Mass Mass Limit  Decay Mode Experiment Ref.

my, < 3eV SH — 3He + e~ + 7,  Mainz 2000 [53]

my,, <190 keV 7t —put +u, PSI 1996 [53]

my, <182MeV 717 =21 ntu, ALEPH 1998 [53]
T~ = 3n 2nty, [53]
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Figure 2.1: The masses of the fermions, showing current limits on neutrino masses.

Smy, =93 Qph%eV (2.5)

where €2,,, is the mass contribution to the cosmological constant. With §2,,h? < 0.25 we
obtain an upper limit on the sum of the neutrino masses for light neutrinos of ¥m,, < 24 eV
and a limit for single high-mass neutrinos m, > 1 MeV. Big Bang Nucleosynthesis constrains
the parameters of possible sterile neutrinos which do not interact and are produced only by
mixing. The current limit on the total number of neutrinos from Big Bang Nucleosynthesis
is 1.7 < N, < 4.3 at 95% C.L.. In conclusion, direct kinematic methods have not yet
measured a non-zero neutrino mass. At present, there is no direct indication from these
experiments for new physics beyond the Standard Model and other searches for signatures

of massive neutrinos are needed.
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2.2 Physics of Massive Neutrinos

In the Standard Model neutrinos are kept massless by global chiral lepton number symmetry
which includes the absence of right-handed fields, and more general properties such as
renormalizability of the theory. However, this is only a formal argument in favor of such a
symmetry and there is no reason why this symmetry needs to be intact. In contrast, in most
of the grand unified theories that unify the strong, electromagnetic, and weak interaction,
a given neutrino belongs to a multiplet consisting of a charged lepton, [, positively and
negatively charged quarks, ¢* and ¢, and a neutrino. Symmetry considerations suggest
that a neutrino in the context of grand unified theories would not be massless but related

to the components of this multiplet.

v lq",q7] (2.6)

Below we summarize the physics of massive neutrinos and describe the unique signatures
of massive neutrinos, including neutrino oscillation, lepton number violation, and magnetic

moments.

2.2.1 Neutrino Fields

The Standard Model coupling between neutrinos, charged leptons, and the W boson is given

by

9 75 0117\
——=_]0 W*4+ H.C. 2.7
\/é LAV, ( )

In general, particles which have a simple weak coupling do not have definite mass. Each

LluW =

of them is a coherent superposition of particles with definite mass. For charged leptons, we

have a mass term

Ly, = —1%M;19 + H.C. (2.8)

with M; as the charged-lepton mass matrix.
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The Standard Model weak interaction will only absorb a neutrino to make a negatively
charged lepton or absorb an 7 to make a positively charged lepton. This interaction con-
serves the lepton number L as it distinguishes particles and antiparticles. The Standard
Model couplings of the Z boson are also L-conserving. To generate neutrino masses with-
out new fermions, lepton number symmetry must be broken by adding Higgs fields carrying
lepton numbers to the Standard Model. One can then arrange to break lepton number
symmetry explicitly or spontaneously through their interactions.

Any satisfactory model that generates neutrino masses must contain a natural mecha-
nism that explains their small value relative to those of their charged partners. Given the
latest experimental indications it would also be desirable to include justification for near
maximal mixing and possibly light sterile species. The most familiar approach to give neu-
trino masses is, however, to introduce for each one an electroweak neutral singlet 1) g. This
happens naturally in left-right symmetric models where the origin of SM parity violation
is ascribed to spontaneous symmetry breaking. According to the scale where they have
relevant effects unification models, such as SO(10) GUT, and weak-scale approaches, e.g.
radiative models, can be distinguished.

Phenomenologically, mass terms can be viewed as describing transitions between right-
and left-handed states. For neutrinos, there can be both Dirac and Majorana masses. If a
neutrino is distinct from its antiparticle, four states are possible and the particle is called
a Dirac particle. However, if a neutrino is identical to its antiparticle it consists of just two
mass-degenerate states with different spins and is called a Majorana neutrino.

In general a spin half particle is said to be a Majorana particle if the spinor field satisfies

the following condition:

) =yC =Cy (2.9)

The Dirac or Majorana particle are limiting cases where either all Majorana or the Dirac
mass terms are zero.

In the absence of right-handed singlets the only Lorentz scalar made out of neutrinos is
T

the Majorana mass. It has the form v;v; and has the quantum number of a weak isotriplet
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with I3y =1 as well as two units of total lepton number. Thus the most general neutrino

mass term is

1 — vy
Ly, = —=[(9)C, 0] M, L |+HC (2.10)
2 (VO )C
R
The M, may be decomposed as
M; ML
M,=| " TP (2.11)
Mp Mg

where My and My contain left-handed and right-handed Majorana mass terms while
Mp contains Dirac mass terms. In the case of 3 neutrino flavors each mass is a 3 X 3 matrix,
and each field is a column vector in flavor space. Thus, the vector space is of dimension 12.

If all Majorana terms are zero one obtains three four-component solutions, and three
right-handed ones. If the Dirac masses are zero, we obtain six two-component solutions.
In this limit, the right-handed and left-handed field decouple completely and one obtains
the three familiar left-handed 2-component solutions and three right-handed ones. The
number of light neutrinos with definite mass can now vary from three to six. If the total
lepton number is conserved, massive neutrinos are Dirac particles and the number of massive
neutrinos is equal to three.

Diagonalizing the new neutrino mass matrix one finds that the physics particle content
is given by two Majorana mass eigenstates: The inclusion of the Majorana mass splits the
four degenerate states of the Dirac field into two non-degenerate Majorana pairs. If we
assume that the states v, N are respectively active and sterile, the Majorana masses m,
and mp transform as weak triplets and singlets respectively. mp is a standard Dirac mass
term. The neutrino mass matrix can be generalized to three or more families, in which case
the masses become matrices themselves.

The Lagrangian with the neutrino mass matrix becomes:

~L=(7,N) (2.12)
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The weak interaction can be expressed in terms of neutrinos which do have definite mass

as

L, = —%Z_OLwy%W*+H.C.

g — A
—1 UvyW*+ H.C. 2.13
\/5 LNYVYL ( )

where U = VLTIV,, is called the leptonic mixing matrix.
The leptonic mixing matrix is also known as the “Maki-Nakagawa-Sakata-Pontecorvo”
(MNSP) matrix. If all the Majorana mass terms in M, vanish, the Majorana mass eigen-

states of M, pair up to make Dirac neutrinos. Dirac mass terms conserve L. However,

Majorana mass terms such as (v9)¢v? or 1% (¥%)¢ which convert a neutrino into an an-

tineutrino and vice versa break L conservation.

If neutrinos are massive a number of interesting effects can occur. Some of the most
interesting effects are discussed in the sections below. Discovery of any of these effects would
establish the existence of massive neutrinos and open the window to an unexplored area of

fundamental particle physics.

2.2.2 Seesaw Mechanism

The Seesaw model is a mechanism that can be used to give a natural, qualitative explanation
of the smallness of neutrino masses. In a gauge field theory of electroweak interactions two

distinct types of neutrino mass terms can appear. Dirac mass terms are of the form

—mD(ﬁVR —I—ﬁVL) (2.14)

and Majorana mass terms are of the form

— 5k FEE + () — gl (Fvg + Ty (vm) (2.15)

Here v represents a neutrino field, the subscript L or R denotes the helicity and v€ is

the charged-conjugated field.
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V¢ = Ol Cryor* (2.16)

Note that (v)¢ = (v°)g. The charge-conjugation operation and helicity projection do
not commute. This implies that an interaction containing only left-handed fields must
violate the charge-conjugation maximally. It was pointed out by Gell-Mann, Ramond, and
Slansky [117] and independently by Yanagida [184] that smallness of neutrino masses could
be caused by the extremely large value of the Grand Unification Scale Mqyp. If both terms

are present in the Lagrangian then these terms can be combined such that

1, (ve)°
Lpyrass = —§(VL(VR)C)M + H.C. (2.17)
VR
where M is the seesaw matrix
L
m m
M= M 7P (2.18)
mp mf/j
Assuming a hierarchy in the values of the elements of M
R _ L _
myr =M > mp > myr = p (2.19)

with p negligible or zero then one set of particles becomes light while another becomes
heavy (a “seesaw” effect). In the case of one generation the “seesaw” mass matrix 2.18 has

one heavy eigenvector

N = [vr + (vr)] + (mp/M) [vr + (vL)] (2.20)

which consists mainly of the sterile vg, and light eigenvector

v~ ur — (v2)] + (mp/M) vk — (vR)'] (2.21)
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which consists mainly of the active vy. Their masses are the eigenvalues of the matrix:

2
m
mN%M,mV%‘ — D

i (2.22)

In the case of three generations, the neutrinos in 2.17 become vectors and M, mp, and

u are matrices. The heavy and light eigenvectors are found diagonalizing the matrices

my = M, m, = pu—mpMtm} (2.23)

In the simple seesaw model there are as many right- as left-handed neutrinos such that

we have three light and three heavy neutrinos with masses

2 2 2
Mp1 Mpy Mps

My, My, M. 2.24
Ml ) M2 ) M3 ) 1 2 3 ( )

where M; and mp; are the eigenvalues of matrix M and mp respectively. The Dirac
masses mp; could be similar to the up-quark masses or the charged lepton masses, and the
heavy masses M; could just be similar M; ~ M (quadratic seesaw mechanism) or follow the
same hierarchy as the mp; (linear seesaw mechanism).

An illustration of the seesaw mechanism and other fundamental mass-generating inter-

actions is shown in Figure 2.2.

2.2.8  Flavor Mizing and Neutrino Oscillations

One of the most interesting consequences of neutrino mass and mixing is the phenomenon of
“neutrino oscillations”. This describes the flavor conversion of neutrinos in which a neutrino
born in association with a charged lepton of one flavor interacts to make a charged lepton
of a different flavor. As early as 1969, Bruno Pontecorvo proposed that neutrinos might
oscillate between the electron and muon flavor states (the only ones known then). The
notation v, — v, usually describes this sequence of events that lead to an effective flavor
transformation between the creation and the detection of neutrinos. Flavor transformation

is a clear signature of neutrino oscillations.
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If neutrinos have mass the neutrino mass and weak (or flavor) eigenstates are not neces-
sarily identical. The flavor eigenstates vy are linear combinations of the projections of the

neutrino mass eigenstates v,,.

) =Y Upm|vm) (2.2